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NitrobenzeneAbstract Because of the extensive use and excessive release of various NB, economical and efﬁ-
cient methods for the treatment of wastewater and cleanup of petrochemical compounds are
needed. This study focused on the sonocatalytic degradation of NB in aqueous solution assisted
with H2O2 oxidant and nanostructured metal oxide catalysts, prepared in the absence of CTAB
(series I), (Fe2O3-I, CuO-I, NiO-I, and Co3O4-I) and nanostructured metal oxide catalysts prepared
in the presence of CTAB (series II), (Fe2O3-II, CuO-II, NiO-II, and Co3O4-II). The physicochemical
properties of these catalysts were investigated via X-ray powder diffraction (XRD), transmission
electron microscope (TEM), scanning electron microscope (SEM), and point of zero charge (PZC).
The potential degradation feasibility for NB in US/nano metal oxide (series I and or series II)/
H2O2 systems was measured by GC analysis at regular time intervals. Otherwise, some operational
parameters such as ultrasonic irradiation time, solution pH value, H2O2 concentration, different
weights of the nano-sized catalysts, NB concentration, leaching of the nano-sized catalysts, and
reaction kinetics had been examined. It was found that H2O2 oxidant can effectively assist the sono-
catalytic degradation of NB in the presence of nano-sized oxides (series I) and with more efﬁciency
in the presence of nano-sized oxides (series II), and the effect of efﬁciency in degradation was chan-
ged in the order of (Fe2O3 > CuO >NiO > Co3O4). Therefore, oxides prepared in micellar solu-
tion were found to upgrade the economic aspect of NB degradation.
ª 2015 Production and hosting by Elsevier B.V. on behalf of Egyptian Petroleum Research Institute. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Nitroaromatic compounds are widely used as raw materials in
several industrial processes related to pesticides, explosives,colorants, and paper pulp production. Many of these sub-
stances, such as nitrobenzene and nitrophenols, are usually
found in wastewaters of these industries and are considered
potentially toxic [1]. The remediation of wastewaters contain-
ing these pollutants is difﬁcult since, due to their high toxicity,
they are refractory to conventional biological treatments [2,3].
Nitrobenzene (NB) is a very toxic substance and a carcino-
genic pollutant [4]. It is one of the fastest-growing end use syn-
thetic products of benzene [5] such as dyes [6], plastics,
266 F.Z. Yehia et al.explosives, pharmaceuticals [7], and pesticides [8]. NB is used
to produce aniline and, as an organic solvent, has been widely
dispersed in water and soil, causing great environmental con-
cern because of its toxicity, quantity of production, and difﬁ-
cult biodegradation, even at low concentrations [9,10]. The
strong electron-withdrawing property of the nitro-group
makes NB resistant to oxidation by biological treatment and
conventional chemical oxidation [4,6,11]. Furthermore, NB
and some of its transformation metabolites; such as nitro-
zobenzene, hydroxylaminobenzene, and aniline; exhibit toxic
and mutagenic effects on biological systems [12,13].
Therefore, exploration of effective methods for NB degrada-
tion represents an important research challenge, and various
alternative treatment technologies have been developed over
the last two decades in order to cost-effectively meet environ-
mental regulatory requirements, some of which are advanced
oxidation processes (AOPs).
Advanced oxidation processes (AOPs) [14] which are gener-
ally based on the generation of highly reactive species such as
hydroxyl radicals (OH), are of great interest for degradation
of pollutants that are difﬁcult to eliminate with conventional
treatments. In particular, Fenton processes are useful to
achieve considerable reduction in the concentrations of aro-
matic compounds in wastewaters and they could be applied
as pretreatment stages to reduce the efﬂuent toxicity before
biological treatment [15–17]. Fenton reaction bases on the
use of hydrogen peroxide combined with metal salts.
A considerable interest in the development of heteroge-
neous catalysts for the oxidation of wastewater streams, to
overcome the problems associated with Fenton processes has
been reported. From the material point of view, it is generally
accepted that heterogeneous catalysts in the form of nanopar-
ticles are considerably more efﬁcient than those comprising
micrometer sized and larger particles.
Studies on the sonolysis of a wide range of organic com-
pounds have demonstrated that ultrasonic irradiation has
potential for treatment of hazardous wastewater [18]. A litera-
ture survey reveals that, the use of ultrasonics for wastewater
treatment has been a subject of much current interest, but
ultrasonic irradiation alone has not been able to provide high
enough rate of degradation to be applied in practice. This is
particularly true for hydrophilic compounds, which are usually
hard to be decomposed [19]. One of the solutions to increase
the degradation efﬁciency of organic pollutants in water is to
combine the ultrasound application with advanced oxidation
processes (AOPs). One of the promising AOPs is the
Fenton’s reagent treatment. Some researchers have tried to
use the combined methods to improve the degradation of
organic pollutants [20].
One of the main objectives of this work is to focus on
the degradation of NB in the presence of Fenton-type
reagent aided by ultrasonic operating at 20 kHz. Our goal
is to ﬁnd a new combination of sonication conditions and
Fenton-type for maximum efﬁciency with nano-sized cata-
lysts. In the current study, we combine sonolysis and catal-
ysis by employing Fe2O3, CuO, NiO, and Co3O4 as
heterogeneous nano-sized catalysts in the absence and pres-
ence of CTAB, under different conditions (pH, irradiation
time, H2O2 concentration, solution pH value, different
weights of nano-sized catalysts, NB concentration, leaching
of the nano-sized catalysts, and reaction kinetics) while
NB is employed as a pollutant.2. Materials and methods
2.1. Chemicals
Nitrobenzene (99%) was obtained from Sigma–Aldrich and
hydrogen peroxide (H2O2) (30%, w/v) was purchased from
Fluka (USA). FeCl3Æ6H2O, CoCl2Æ6H2O, NiCl2Æ6H2O,
CuCl2Æ2H2O, and FeSO4Æ7H2O were purchased from
ADWIC (Cairo, Egypt) as precursor compounds. NaOH
(96%) was supplied from ADWIC (Egyptian Chemical
Reagents) and cetyl trimethyl ammonium bromide (CTAB)
was supplied from Merck (Germany Chemical Reagents). All
chemicals were used without further puriﬁcation.
2.2. Catalysts preparation
2.2.1. Preparation of nano-sized metal oxide catalysts in absence
of CTAB
Metal oxide catalysts (MO, where M= Fe, Co, Ni, Cu) were
prepared starting from the corresponding metal chlorides
MClxÆyH2O (CoCl2Æ6H2O, NiCl2Æ6H2O, CuCl2Æ2H2O), and
FeSO4Æ7H2O. The metal hydroxide gel was ﬁrstly prepared
by dissolving 1 mol of MClxÆyH2O or FeSO4Æ7H2O in deion-
ized water and then sodium hydroxide solution (2 M) was
added dropwise to form the metal hydroxide gel. The solutions
were then stirred for 2 h at room temperature. During this
time, the reaction mixtures form various colored gels.
The prepared colored gels were ﬁltered, then washed with
distilled water and dried. The obtained powder was then cal-
cined in air at 450 C for 4 h to obtain the corresponding
metal oxides. The oxides obtained by this method will be des-
ignated followed by the number I, e.g. for NiO oxide will be
NiO-I.
2.2.2. Preparation of nano-sized metal oxide catalysts in
presence of CTAB
Metal oxide catalysts MO, (M= Fe, Co, Ni, or Cu) were
prepared by the one-step co-precipitation in the presence of
cetyl trimethyl ammonium bromide (CTAB), as described
by [21]. Appropriate amounts of MClxÆyH2O (FeCl3Æ6H2O,
CoCl2Æ6H2O, NiCl2Æ6H2O, CuCl2Æ2H2O) and CTAB were dis-
solved in distilled water (molar ratio: CTAB/(M) = 0.8), then
aqueous solution of NaOH (2 M) was added dropwise until
the pH arrived at ca.11, measured with pH meter (Mettler-
Toledo AG 8603 Schwerzenbach, Switzerland, made by
Mettler-Toledo Group). After continuous stirring for 2 h,
the obtained suspension was transferred to a Teﬂon-sealed
autoclave and hydrothermally aged at 120 C for 48 h.
After centrifugation, washing, and drying; the powder was
calcined in air at 450 C for 4 h. The oxides obtained by this
method will be designated followed by the number II, e.g.
CuO-II and Co3O4-II.
2.3. Catalysts characterization
2.3.1. Determination of PZC
Point of zero charge, PZC, for the metal oxides (Fe2O3, CuO,
NiO, and Co3O4) was measured according to the method
described by Franca et al. [22]. Several amounts of metal oxi-
des (0.1 g, 0.3 g, 0.5 g, and 0.7 g) were added to 50 mL of
Figure 1 A model batch reactor using a horn type sonicator to
emit low-frequency ultrasound waves into the reaction medium.
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sions containing different amounts of the metal oxides were
left to equilibrate while covered for 24 h under agitation
(100 rpm) at 25 C. The pH of each solution was then mea-
sured using a digital pH meter (Mettler-Toledo AG 8603,
Switzerland). The PZC was determined as the converging pH
value from the pH vs. adsorbent mass curve [23].
2.3.2. X-ray diffraction technique (XRD)
The X-ray diffraction patterns were recorded in the range
2h= 4–80, using Philips powder diffractometer with Cu
Ka1 radiation. The instrument was operated at 40 kV and
40 mA. The spectra were recorded at scanning speed of 2 in
2h/min. The 2h and the relative intensity I/Io were deduced
from the chart and the corresponding d-values were calculated
from the Bragg’s equation:
2d sin h ¼ k00 ! nk; at n ¼ 1
where, d=Lattice space = k/2 sin h, h=Bragg’s angle, and
k=X-ray wave length = 1.54 A˚.
The average crystallite size of different catalysts was calcu-
lated from XRD spectra by using Scherrer equation which is
limited to nano-scale particles:
D ¼ bk
b cos h
where, b is the shape factor = 0.9, b is the line broadening or
band width at half the maximum intensity in radians, and D is
the mean size of the ordered (crystalline) domains.
2.3.3. Transmission electron microscope (TEM)
Transmission electron microscopy (TEM) is a microscopy
technique whereby a beam of electrons is transmitted through
an ultra thin specimen, interacting with the specimen as it
passes through. An image is formed from the interaction of
the electrons transmitted through the specimen; the image is
magniﬁed and focused into an imaging device, such as a ﬂuo-
rescent screen, on a layer of photographic ﬁlm, or to be
detected by a sensor such as a charge-coupled device CCD
camera. TEM images were obtained by using a Jeol 2010
named DV 300W1 system operating at 130 kV. The sample
was ultrasonically suspended and deposited on a carbon ﬁlm
supported on a copper grid.
2.3.4. Scanning electron microscope (SEM)
Scanning electron microscope (SEM) is a type of electron
microscope that images a sample by scanning it with a high-
energy beam of electrons in a raster scan pattern.
The electrons interact with the atoms that make up the sam-
ple producing signals that contain information about the sam-
ple’s surface topography, composition, and other properties
such as electrical conductivity. The gold-coated catalyst was
observed through the scanning electron microscope (SEM,
model Jeol 5410). Power was set to 30 kV.
2.3.5. Atomic absorption spectrometry (AAS)
Atomic absorption spectrometry (AAS) is a spectroanalytical
procedure for the qualitative and quantitative determination
of chemical elements employing the absorption of optical radi-
ation (light) by free atoms in the gaseous state. In analytical
chemistry, the technique is used for determining theconcentration of a particular element (the analyte) in a sample
to be analyzed, and we have used this technique to determine
the metal ions in the solution after the reaction due to leaching
of the catalysts in the solution. The actual concentration of the
metal ions was analyzed by an atomic absorption spectrometer
(ZEEnit 700P).
2.4. Catalytic degradation of NB by heterogeneous catalysts
using ultrasonic irradiation
A standard aqueous nitrobenzene was used in all the experi-
ments with a concentration of 10 mg/L solution. A commercial
sonicator, VCX-750 (Sonics and Materials, Inc.) equipped
with a titanium probe (diameter 13 mm) capable of operating
in continuous mode at a ﬁxed frequency of 20 kHz with a vari-
able electric output power up to 125 W was used for ultra-
sound experiments. Experiments were carried out in a glass
reaction vessel with thin and indented bottoms for uniform
and more efﬁcient energy transmission. Ultrasound power out-
put was set at 100 W for all the experiments. The experimental
procedure was as follows. The metal oxides (Fe2O3, CuO, NiO,
and Co3O4) used as heterogeneous catalysts were heated at
450 C for 1.0 h for activation and then were dispersed into
50 mL of 10 ppm NB aqueous solution followed by shaking
for 15 min, these suspensions were treated by vigorous stirring
to make a good dispersion of the catalysts. After the adsorp-
tion–desorption equilibrium was attained, it was ﬁlled into
the reactor which was immersed in a water bath adjusted at
11 C with the help of an external cooling device. Afterward,
this reactor was placed in an ultrasound apparatus and irradi-
ated according to the experimental requirements. Sonication
was applied in continuous mode. The tip of the titanium probe
was placed about 2 cm below the surface of the NB solution
during sonication. During the degradation, the reactor was
immersed in a water bath at 25 ± 2 C. The reaction temper-
ature was monitored by a thermocouple located inside the
reactor (Fig. 1). Due to the heat dissipation caused during
the ultrasound run, the temperature of NB aqueous solution
that was initially cooled at 11 C increased rapidly to 27 C
after 5 min, 28 C after 1 h and remained constant. In order
to study the impact of ultrasound on the system, silent exper-
iments (without sonication) were carried out at identical condi-
tions with an axial stirring device instead of the sonicator.
Increase in reaction temperature and mixing are known to
Table 1 Characterization of catalysts in the absence of CTAB
(series I).
Characterization
Sample Fe2O3-I CuO-I NiO-I Co3O4-I
Particle size nm (X-ray) 92 18.2 10.3 22.9
Particle size nm (TEM) 135 136 129 131
Table 2 Characterization of catalysts in the presence of
CTAB (series II).
Characterization
Sample Fe2O3-II CuO-II NiO-II Co3O4-II
Particle size nm (X-ray) 61.2 10.6 8.9 14.7
Particle size nm (TEM) (20–60) (2–10) (2–10) (2–10)
268 F.Z. Yehia et al.occur during ultrasound irradiation in aqueous media. Thus, a
steady state temperature (28 C) and maximum stirring speed
(500 rpm) were used in the silent experiments to offset those
ultrasonic effects and highlight the impact of ultrasound in
the heterogeneous system.
The degradation of NB was initiated by rapid addition of
H2O2 to the reactor containing the solid catalyst and immedi-
ately turning on the ultrasonic equipment. Initial H2O2 con-
centration of 5 mmol/L and catalyst loading of 1 g/L were
used when those conditions were required for combined sys-
tems. Synchronously, the various inﬂuencing factors such as
ultrasonic irradiation time, oxidant concentration, weight of
the catalysts, solution pH, and NB concentration were consid-
ered in different experiments. The general experimental condi-
tions such as NB concentration of 10 mg/L, catalysts addition
amount of 1 g/L, ultrasonic irradiation time of 30 min, system-
atic temperature of 25 ± 2 C, and total volume of 50 mL were
adopted. At given time intervals, 20 mL aliquots of the reac-
tion solution were sampled, and immediately centrifuged at
14,000 rpm for 15 min with an EBA-21 centrifugal (Hettich,
Germany) to remove the catalysts. The resultant solution
was used for the analysis of related chemical species in it.
2.5. Solid phase microextraction (SPME)
SPME is a technique to extract organics from an aqueous
matrix into a stationary phase immobilized on a fused-silica
ﬁber. The analytes are thermally desorbed directly into the
injector of a gas chromatograph [24].
2.6. Data collection and chemical analyses for Fenton and
modiﬁed Fenton
The concentration of the undegraded nitrobenzene was deter-
mined by solid-phase microextraction (SPME) using 65 lm p
olydimethylsiloxane/divinylbenzene (PDMS/DVB) ﬁbers
(Sigma–Aldrich, Germany) in combination with GC analysis
as described in Refs. [25,26]. Brieﬂy, the ﬁber was introduced
through the septum of a vial containing the solution with-
drawn from the reaction ﬂask and immersed in the solution
for 30 min. During this time, the solution was stirred on a
magnetic stirrer using glass-coated stirring bar. Afterward,
the ﬁber was removed and introduced into the GC injector
(220 C, 30 min, splitless injection) for desorption of analytes
and GC analysis. The degradation of nitrobenzene was moni-
tored by determining the residual concentration remaining
after certain periods of reaction using HP 5890 gas chro-
matograph, provided with a ﬂame ionization detector and
equipped with a column (3.048 m in length and 3 mm int.
diam.) packed with Benton 34 (5%); diisodecyl phthalate 5%
(wt%) on chromosorb W (AW), 80–100 mesh. Alternatively,
wide bore column DB1 (100% polydimethylsiloxane) gas chro-
matograph, was provided with a ﬂame ionization detector and
equipped with a column (30 m in length, 0.530 mm int. diam,
and 3 lm ﬁlm thickness), made in USA. Temperature limits:
60 to 260 C (280 C). The initial oven temperature (80 C)
was held for 3 min, programed at 2 C min1 to 120 C
(5 min). The injector and the detector temperatures were 250
and 275 C, respectively. Under these conditions, the retention
time for nitrobenzene was 20.2 min.3. Results and discussion
3.1. Investigation of some physical and structural properties of
the prepared catalysts
3.1.1. X-ray diffraction (XRD)
The information concerning the crystalline phases has been
obtained by using X-ray diffraction (XRD) for nanostructured
metal oxide catalysts prepared in absence and presence of
CTAB (series I and series II, respectively), Tables 1 and 2.
3.1.2. Transmission electron microscope (TEM)
Transmission electron microscope (TEM) is used to describe
the shape and determine the size of the particles of nanostruc-
tured metal oxide catalysts prepared in absence and presence
of CTAB (series I and series II, respectively), Tables 1 and 2.
From Tables 1 and 2 we can conclude the following:
(1) In the presence of CTAB, there is correspondence
between values of particle size measured by TEM and
X-ray.
(2) In absence of CTAB, the particle size determined by
TEM is greater than that by X-ray implying some degree
of aggregation.
3.1.3. Scanning electron microscope (SEM)
Scanning electron microscope (SEM) is used to describe the
shape of the particles of nanostructured metal oxide catalysts
prepared in the absence of CTAB (series I). All SEM images
show that the particles are highly agglomerated (Fig. 2).
Many literatures have reported that the introduction of sur-
factant can control the size of nanoparticles [27,28]. CTAB as
stabilization or capping agent makes the dispersion of
nanoparticles in the ﬂuid possible. Also, the TEM images of
the catalysts (Fe2O3, CuO, NiO. and Co3O4) are shown to be
dispersed because the surfactant molecules surrounding the
Sonocatalytic degradation of nitrobenzene with surfactants 269particles make a covering layer, and prevent the aggregation of
the particles.
3.2. Degradation of NB assisted with H2O2 oxidant and
heterogeneous catalysts (Fenton like system)
3.2.1. Silent degradation of NB assisted with H2O2 and
heterogeneous catalysts (without sonication)
Inﬂuence of stirring time with H2O2 and metal oxides (Fe2O3,
CuO) on the degradation of NB is studied.
The classical representation of the Fenton type reaction
would rather be [29]:
H2O2 þ Cuþ2 ! Cuþ þHO2 þHþ
H2O2 þ Cuþ ! OHþ OHþ Cuþ2
In order to test the role of sonication, the reaction has been
carried out without ultrasound in the presence of H2O2 and
FeO3 or CuO, and shows that the decomposition of 10 mg/L
NB is 40% and 35% for Fe2O3 and CuO, respectively; after
1 h. This indicates that the ﬂow of the solution has little effect
on the decomposition rate in absence of sonication, as shown
in Fig. 3.
3.2.2. Sonolysis degradation of NB assisted with H2O2 and
heterogeneous catalysts
3.2.2.1. Sonolysis degradation of NB assisted with H2O2 and
heterogeneous nano-sized catalysts in absence of CTAB (series
I). 3.2.2.1.1. Inﬂuence of irradiation time on sonocatalytic
degradation of NB assisted with H2O2 and heterogeneous nano-
sized catalysts (Fe2O3-I, CuO-I, NiO, and Co3O4) (series I).Figure 2 Shows the scanning electron microscope (SEM) images of (A
100 lm; (C) NiO-I, the bar represents 100 lm; and (D) Co3O4-I, the bFig. 4 reveals that all degradation ratios of NB in these systems
increase in the presence of H2O2 and absence of CTAB with
the increase of ultrasonic irradiation time, but their difference
is tremendous. The full degradation is achieved in Fe2O3-I,
CuO-I, NiO-I, and Co3O4-I after 20 min, 30 min, 30 min,
and 40 min, respectively.
Ultrasonic irradiation generates beneﬁts in heterogeneous
catalytic systems by decreasing mass transfer limitations, and
fragmentation of catalyst in small particles that provide a
higher surface area [30–33]. Moreover, the additional genera-
tion of free radical species in ultrasound systems should
enhance the overall catalytic performance [34,35]. In the com-
bined method (ultrasound and catalyst), ultrasonic waves not
only destroy the pollutant through the cavitation process but
also increase the adsorption process by increasing the surface
area of the catalyst.
The decomposition mechanism for hydrogen peroxide at
metal surfaces (Eqs. (1)–(6)) is thought to be applicable for
metal oxides as well [36]:
MþH2O2 !Mþ þOH þ OH ð1Þ
H2O2 þ OH! H2OþHO2 ð2Þ
HO2 ! Hþ þO2 ð3Þ
Mþ þO2 !MþO2 ð4Þ
MþHO2 !Mþ þHO2 ð5Þ
Mþ þHO2 !MþHO2 ð6Þ) Fe2O3-I, the bar represents 10 lm; (B) CuO-I, the bar represents
ar represents 50 lm.
Figure 5 Inﬂuence of oxidant concentration on degradation
ratios of NB initial concentration of 10 mg/L, nano metal oxides
(Fe2O3-I, CuO-I, NiO-I, and Co3O4-I) amounts of 1.0 g/L,
ultrasonic irradiation time of 30 min, temperature of 25 C, pH
7.0, and a total volume of 50 mL.
Figure 4 Inﬂuence of ultrasonic irradiation time on degradation
ratios of NB initial concentration of 10 mg/L, nano metal oxides
(Fe2O3-I, CuO-I, NiO-I, and Co3O4-I) amounts of 1.0 g/L,
oxidant concentration of 10 mmol/L, temperature of 25 C, pH
7.0, and a total volume of 50 mL.
Figure 3 Inﬂuence of stirring time on degradation ratios of NB
at initial concentration of 10 mg/L, metal oxide catalysts (Fe2O3,
CuO) amounts of 0.06 g, H2O2 oxidant concentration of 65 mmol/
L, temperature of 25 C, and pH 6.8  7.0.
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the metal oxide surface, respectively. Besides the radical degra-
dation of H2O2, Eqs. (1)–(6), the decomposition of H2O2 in the
presence of metal oxide also proceeds by non-radical degrada-
tion pathways, yielding the non-reactive species H2O, O2 [37]
or H2O, O2, and OH
 [38,39].
The size reduction of the catalysts indicates that these cat-
alysts are broken into smaller particles due to ultrasound irra-
diation, the fragmented particles are then well distributed
throughout the reactor and lead to an increase in the accessi-
bility of NB to the catalyst surface. This increases the collision
probability between NB and active radicals that are produced
as a result of reaction of H2O2 with the catalyst active sites.
Besides the effect of catalyst size reduction, promotion of cav-
itation bubble formation due to the presence of solid particles
has been suggested as a potential beneﬁt of ultrasound in a
heterogeneous solid–liquid system.
3.2.2.1.2. Inﬂuence of H2O2 concentration on sonocatalytic
degradation of NB using heterogeneous nano-sized catalysts
(Fe2O3-I, CuO-I, NiO-I, and Co3O4-I) (series I). In order to
examine the effect of oxidant concentration on the sonocat-
alytic degradation of NB, a series of experiments are carried
out at pH 7 with the range (10–50 mmol/L) of oxidant concen-
tration at 10 mg/L intervals and the results are shown in Fig. 5.Fig. 5 reveals that in case of the four oxides, a concentration of
10 mmol/L H2O2 is sufﬁcient for a complete degradation of
10 mg/L NB after 30 min of sonication in presence of 1 g/L
of each oxide. The existence of these heterogeneous oxides
offers large numbers of active sites on the surface of nano-
sized particles due to fast diffusion and high distribution abil-
ity, which can promote the decomposition of various oxidants
under ultrasonic irradiation and the generation of OH radi-
cals. These generated OH radicals can participate in the
increased degradation of NB.
3.2.2.1.3. Inﬂuence of pH value on sonocatalytic degradation
of NB assisted with H2O2 and heterogeneous nano-sized
catalysts (Fe2O3-I, CuO-I, NiO-I, and Co3O4-I) (series I).
The inﬂuence of changing solution pH value from 2.7 to 11.0
on the sonocatalytic degradation of NB is studied and the
results presented in Fig. 6 show that at pH higher than 7,
the sonocatalytic degradation ratio of NB for the four oxides
is severely decreased. On the other hand, the four oxides show
the best results of degradation in the pH range 2–7 under ultra-
sonic irradiation.
The chemical forms of NB in aqueous solution and the sur-
face properties of (Fe2O3-I, CuO-I, NiO-I, and Co3O4-I)
nanoparticles both depend on the pH value of the solution.
The point of zero charge (PZC) of (Fe2O3-I, CuO-I, NiO-I,
and Co3O4-I) powder is about pH 9, 8.4, 8, and 8.6, respec-
tively. Above this pH value, the surfaces of these particles
are negatively charged, while below this pH value they are pos-
itively charged.
Most of nitroaromatic compounds such as NB have nega-
tive charges in a wide pH value range. Hence, when the solu-
tion pH value is below the PZC of the oxides, the NB anions
should be easily adsorbed on the surfaces of (Fe2O3-I, CuO-
I, NiO-I, and Co3O4-I) nanoparticles. It can be presumed that
the degradation reactions mainly occurred in terms of the
direct oxidation, which can be accelerated under acidic condi-
tions. On contrary, under strong alkaline conditions, because
of the repulsion force due to the negatively charged surfaces,
the NB anions in aqueous solution are mainly degraded
through radical (OH) oxidation in bulk solution; which is a
slow-motion degradation process.
3.2.2.1.4. Inﬂuence of different pH on sonocatalytic degra-
dation of NB assisted with H2O2 and different weights of
heterogeneous nano-sized catalysts (Fe2O3-I, CuO-I, NiO-I, and
Co3O4-I) (series I). Fig. 7 reveals that the decomposition efﬁ-
ciency in the presence of 10 mmol/L H2O2 at different pH
Figure 6 Inﬂuence of pH value on degradation ratios of NB
initial concentration of 10 mg/L, nano metal oxides (Fe2O3-I,
CuO-I, NiO-I, and Co3O4-I) amounts of 1.0 g/L, ultrasonic
irradiation time of 30 min, oxidant concentration of 10 mmol/L,
temperature of 25 C, and a total volume of 50 mL.
Figure 8 Inﬂuence of pH on degradation ratios of NB initial
concentration of 10 mg/L, nano metal oxide (CuO-I) amounts of
(1.0, 0.5, 0.25) g/L, ultrasonic irradiation time of 10 min, oxidant
concentration of 10 mmol/L, temperature of 25 C, and a total
volume of 50 mL.
Figure 9 Inﬂuence of pH on degradation ratios of NB initial
concentration of 10 mg/L, nano metal oxide (NiO-I) amounts of
(1.0, 0.5, 0.25) g/L, ultrasonic irradiation time of 10 min, oxidant
concentration of 10 mmol/L, temperature of 25 C, and a total
volume of 50 mL.
Figure 10 Inﬂuence of pH on degradation ratios of NB initial
concentration of 10 mg/L, nano metal oxide (Co3O4-I) amounts of
(1.0, 0.5, 0.25) g/L, ultrasonic irradiation time of 10 min, oxidant
concentration of 10 mmol/L, temperature of 25 C, and a total
volume of 50 mL.
Sonocatalytic degradation of nitrobenzene with surfactants 271values of the solution from 5.0 to 11.0, with 10 min of irradi-
ation time by ultrasonic waves, is independent on the amount
of Fe2O3-I. However, in case of the other oxides, Figs. 8–10,
the catalytic efﬁciency shows positive dependence on the
amount of the catalyst at any of the pH values. The increase
in efﬁciency can be partly attributed to the increased chances
to produce point of contact between cavities and NB at solid
particles with a consequent increase in OH production.
3.2.2.1.5. Inﬂuence of irradiation time on sonocatalytic
degradation of NB assisted with H2O2 and different weights of
heterogeneous nano-sized catalysts (Fe2O3-I, CuO-I, NiO-I, and
Co3O4-I) (series I). Figs. 11–14 show that the rate of NB
removal in the presence of 10 mmol/L H2O2 at different ultra-
sonic waves, for nano-sized catalysts (Fe2O3-I, CuO-I, NiO-I,
and Co3O4-I) is increased with increasing the amount of cata-
lyst. In sonicated solution, the adsorption of NB is increased
by increasing the amount of catalyst due to the higher surface
area at higher concentrations. Also in sonicated solution, the
number of cavities and radicals is increased with increasing
the amount of catalyst, leading to the higher removal rate.
In the studied range of concentration, the higher waves are
generated in the bulk of the solution from imploding the cav-
ities. The shock waves also improve the mass transfer from the
bulk to the surface of the catalyst. It is known that sonication
of H2O produces
OH that may partly participate in NB degra-
dation, besides the highly produced OH radicals due to sonica-
tion of H2O2 that greatly participate in NB degradation.
3.2.2.1.6. The effect of initial NB concentration. Results
show that the degradation efﬁciency is decreased withFigure 7 Inﬂuence of pH on degradation ratios of NB initial
concentration of 10 mg/L, nano metal oxide (Fe2O3-I) amounts of
1.0, 0.5, 0.25 g/L, ultrasonic irradiation time of 10 min, oxidant
concentration of 10 mmol/L, temperature of 25 C, and a total
volume of 50 mL.
Figure 11 Inﬂuence of ultrasonic irradiation time on degrada-
tion ratios of NB initial concentration of 10 mg/L, nano metal
oxide (Fe2O3-I) amounts of 0.25, 0.5, 1.0 g/L, oxidant concentra-
tion of 10 mmol/L, temperature of 25 C, pH 7.0, and a total
volume of 50 mL.
Figure 15 Inﬂuence of ultrasonic irradiation time on degrada-
tion ratios of NB initial concentration of 20 mg/L, nano metal
oxides (Fe2O3-I, CuO-I, NiO-I, and Co3O4-I) amount of 1.0 g/L,
H2O2 oxidant concentration of 10 mmol/L, temperature of 25 C,
pH 7.0, and a total volume of 50 mL.
Figure 16 Inﬂuence of ultrasonic irradiation time on degrada-
tion ratios of NB initial concentration of 10 mg/L, reusing nano
metal oxides (Fe2O3-I, CuO-I, NiO-I, and Co3O4-I) amount of
1.0 g/L, H2O2 oxidant concentration of 10 mmol/L, temperature
of 25 C, pH 7.0, and a total volume of 50 mL.
Figure 14 Inﬂuence of ultrasonic irradiation time on degrada-
tion ratios of NB initial concentration of 10 mg/L, nano metal
oxide (Co3O4-I) amounts of 0.25, 0.5, 1.0 g/L, oxidant concentra-
tion of 10 mmol/L, temperature of 25 C, pH 7.0, and a total
volume of 50 mL.
Figure 12 Inﬂuence of ultrasonic irradiation time on degrada-
tion ratios of NB initial concentration of 10 mg/L, nano metal
oxide (CuO-I) amounts of 0.25, 0.5, 1.0 g/L, oxidant concentration
of 10 mmol/L, temperature of 25 C, pH 7.0, and a total volume of
50 mL.
Figure 13 Inﬂuence of ultrasonic irradiation time on degrada-
tion ratios of NB initial concentration of 10 mg/L, nano metal
oxide (NiO-I) amounts of 0.25, 0.5, 1.0 g/L, oxidant concentration
of 10 mmol/L, temperature of 25 C, pH 7.0, and a total volume of
50 mL.
272 F.Z. Yehia et al.increasing the initial NB concentration. When the initial NB
concentration is 10 mg/L (Fig. 4), the degradation efﬁciency
reached about 100% in 30 min. When initial NB concentration
is increased to 20 mg/L (Fig. 15), the degradation efﬁciency
declined in 30 min to about 98% and 94% for nanocatalysts
Fe2O3-I and CuO-I, respectively and 90% for both nanocata-
lysts NiO-I and Co3O4-I. This effect is increased with the
formation of more intermediate species.
3.2.2.1.7. The effect of leaching of the heterogeneous nano-
sized catalysts (Fe2O3-I, CuO-I, NiO-I, and Co3O4-I) (series I)
with the irradiation time on sonocatalytic degradation of NBassisted with H2O2. Results in Fig. 4 show that the degradation
efﬁciency has reached about 100% in 30 min for the ﬁrst usage
of the four catalysts. Under the same conditions for reusing
catalysts (Fig. 16), the results show that the degradation efﬁ-
ciency of Fe2O3-I, CuO-I, and NiO-I has reached about
100%, but the degradation efﬁciency has declined to about
82% for Co3O4-I. These results indicate that the catalysts have
a small leaching tendency except Co3O4-I. This is in good
agreement with the trace amounts of soluble ionic species
observed by atomic absorption spectrometry (AAS).
3.2.2.2. Sonolysis degradation of NB assisted with H2O2 and
heterogeneous nano-sized catalysts in presence of CTAB (series
II). 3.2.2.2.1. Inﬂuence of irradiation time on sonocatalytic
degradation of NB assisted with H2O2 and heterogeneous nano-
sized catalysts (Fe2O3-II, CuO-II, NiO-II, and Co3O4-II)
(series II). Fig. 17 shows that all degradation ratios of NB
in the system of US/H2O2 + nano-sized catalysts (Fe2O3-II,
CuO-II, NiO-II, and Co3O4-II) modiﬁed with CTAB in-
creased with the increase in ultrasonic irradiation time, but
with some differences. Within 60 min, NB is fully degraded
after 20 min in the case of CuO-II, NiO-II, and Co3O4-II;
while in the case of Fe2O3-II, only 15 min is sufﬁcient for
complete degradation. Therefore, nano-metal oxides catalysts
(series II) can efﬁciently assist the sonocatalytic degradation
Figure 18 Inﬂuence of oxidant concentration on degradation
ratios of NB initial concentration of 10 mg/L, nano metal oxides
(Fe2O3-II, CuO-II, NiO-II, and Co3O4-II) amount of 1.0 g/L,
ultrasonic irradiation time of 30 min, temperature of 25 C, pH
7.0, and a total volume of 50 mL.
Figure 19 Inﬂuence of pH on degradation ratios of NB initial
concentration of 10 mg/L, nano metal oxides (Fe2O3-II, CuO-II,
NiO-II, and Co3O4-II) amount of 1.0 g/L, ultrasonic irradiation
time of 30 min, oxidant concentration of 10 mmol/L, temperature
of 25 C, and a total volume of 50 mL.
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catalysts (series I) in which the full degradation is achieved
after more ultrasonic irradiation time (Fig. 4).
3.2.2.2.2. Inﬂuence of H2O2 concentration on sonocatalytic
degradation of NB using heterogeneous nano-sized catalysts
(Fe2O3-II, CuO-II, NiO-II, and Co3O4-II) (series II). Fig. 18
reveals that in the case of the four oxides, the degradation rate
for an initial NB concentration of 10 mg/L and pH 7 at differ-
ent H2O2 concentrations of 10, 20, 30, 40, and 50 mmol/L is
substantially completed by the addition of 10 mmol/L H2O2
to the ultrasound system within 30 min of sonication in pres-
ence of 1 g/L of each oxide. This is due to the extremely high
temperatures and pressures formed in collapsing cavitation
bubbles phase to the bulk-bubble, leading to the decomposi-
tion of H2O2 into
OH radicals and causing high degradation
rate [40]. The same result (10 mmol/L H2O2) was obtained in
the case of series I (Fig. 5), indicating that the amount of
H2O2 is not as critical as the rate of
OH production due to
sonication in the presence and absence of CTAB.
3.2.2.2.3. Inﬂuence of pH on sonocatalytic degradation of NB
assisted with H2O2 and heterogeneous nano-sized catalysts
(Fe2O3-II, CuO-II, NiO-II, and Co3O4-II) (series II). Fig. 19
shows that when the pH is higher than 7, the activity of the
nona-sized catalysts (Fe2O3-II, CuO-II, NiO-II, and Co3O4-
II) toward NB degradation is sharply decreased.
3.2.3.1. The effect of method of catalysts preparation on NB
degradation with sonication. To inspect the role of preparation
method, the degradation test results obtained in the presence
of 1 g of series 1 oxide are compared with those obtained in
the presence of 0.1 g of series II oxides, keeping all other vari-
ables the same. The results are presented in Figs. 20–23 which
show that, for both series I and series II, Fe2O3 is still of the
highest efﬁciency. Furthermore, the degradation rates of NB
in case of the four oxides in the presence of 0.1 g of series II
are comparable with the corresponding rates of 1 g of series
I. These results may be attributed to the attack of active radi-
cals on organic compounds with good distribution on the frag-
mented catalyst particles that leads to an increase in the
accessibility of NB to the catalyst surface and thus, increases
the collision probability between NB and active radicals thatFigure 17 Inﬂuence of ultrasonic irradiation time on degrada-
tion ratios of NB initial concentration of 10 mg/L, nano metal
oxides (Fe2O3-II, CuO-II, NiO-II, and Co3O4-II) amount of
1.0 g/L, oxidant concentration of 10 mmol/L, temperature of
25 C, pH 7.0, and a total volume of 50 mL.
Figure 20 Inﬂuence of ultrasonic irradiation time on degra-
dation ratios of NB initial concentration of 10 mg/L, nano
metal oxide (Fe2O3-I) amount of 1.0 g/L and nano metal oxide
(Fe2O3-II) amount of 0.1 g/L, oxidant concentration of
5 k2 mmol/L, temperature of 25 C, pH 7.0, and a total
volume of 50 mL.are produced as a result of reaction of even 5 mmol/L H2O2
with the catalyst.
The results previously indicated show that the weight of the
catalyst in the nano-sized oxides has very important effects.
Large numbers of active sites appear on the surface of nano-
sized (Fe2O3-II, CuO-II, NiO-II, and Co3O4-II) particles,
which can promote the decomposition of the oxidants under
ultrasonic irradiation and generation of needed OH radicals.
Figure 23 Inﬂuence of ultrasonic irradiation time on degrada-
tion ratios of NB initial concentration of 10 mg/L, nano metal
oxide (Co3O4-I) amount of 1.0 g/L and nano metal oxide (Co3O4-
II) amount of 0.1 g/L, oxidant concentration of 5 mmol/L,
temperature of 25 C, pH 7.0, and a total volume of 50 mL.
Figure 24 First order rate constant (min1) for Fe2O3-I using
different weights (1, 0.5, 0.25 g/L) for degradation of NB initial
concentration of 10 mg/L in the presence of 10 mmol/L H2O2.
Figure 21 Inﬂuence of ultrasonic irradiation time on degrada-
tion ratios of NB initial concentration of 10 mg/L, nano metal
oxide (CuO-I) amount of 1.0 g/L and nano metal oxide (CuO-II)
amount of 0.1 g/L, oxidant concentration of 5 mmol/L, temper-
ature of 25 C, pH 7.0, and a total volume of 50 mL.
274 F.Z. Yehia et al.These generated OH radicals can participate in the degrada-
tion of NB by radical oxidation pathways.
3.2.3.2. Reaction kinetics. The calculated values of ﬁrst order
rate constants of NB degradation are given in Tables 3 and
4 and the plots of the linear representation of ﬁrst order equa-
tion of Fe2O3, as an example, in presence of H2O2 are given in
Figs. 24 and 25.
Data in Table 3 study the rate constant (min1) for series I
(0.25 g, 0.5 g, 1 g) nano-sized oxides for NB degradation and
show that the rate constant of 1 g has a higher value than that
of 0.25 g of nano-sized oxides from series I. This indicates that
the rate constant for NB degradation increases with increasing
the weight of the catalyst.
From Tables 3 and 4, when comparing the rate constant of
0.1 g from series II and the rate constant of 0.25 g from series
I, it has been found that the rate constant of 0.1 g of nano-
sized oxides from series II is greater than that of 0.25 g of
nano-sized oxides from series I. This may be due to the aggre-
gation of series I nano-sized oxides in absence of CTAB. In
this respect, aggregated particles does not completely and
homogeneously disperse in the NB matrix, which cause part
of these particles does not react with NB within sonication
or participate in NB degradation process, leading to a decrease
in the rate constant for NB degradation. This effect is compen-
sated with increasing the weight of the catalyst.
Data in Table 4 show that the rate constant of 1 g of nano-
sized oxides from series I is nearly equal to the rate constant of
0.1 g of nano-sized oxides from series II. This is explained as inTable 3 First order rate constant (min1) for series I oxides
for NB degradation 10 mg/L in the absence and in the presence
of (10 mmol/L H2O2) using different oxide weights.
wt Fe2O3-I CuO-I NiO-I Co3O4-I
W W W W
1 g/L 0.3420 0.1454 0.1505 0.1325
0.5 g/L 0.2826 0.1101 0.1103 0.0843
0.25 g/L 0.1883 0.0834 0.0793 0.0796
W i.e. with 10 mmol/L H2O2.
Figure 25 First order rate constant (min1) for 1 g/L from
Fe2O3-I and 0.1 g/L from Fe2O3-II for degradation of NB initial
concentration of 10 mg/L in the presence of 5 mmol/L H2O2.
Figure 22 Inﬂuence of ultrasonic irradiation time on degrada-
tion ratios of NB initial concentration of 10 mg/L, nano metal
oxide (NiO-I) amount of 1.0 g/L and nano metal oxide (NiO-II)
amount of 0.1 g/L, oxidant concentration of 5 mmol/L, temper-
ature of 25 C, pH 7.0, and a total volume of 50 mL.
Table 4 First order rate constant (min1) for series I and
series II oxides for NB degradation 10 mg/L in the presence of
(5 mmol/L H2O2) using 1 g/L from series I and 0.1 g/L from
series II.






W i.e. with 5 mmol/L H2O2.
Sonocatalytic degradation of nitrobenzene with surfactants 2751 g of aggregated nano-sized oxides, the sonication at ﬁrst acts
to disperse the aggregation, and then implosion of cavitation
bubbles occurs with the formation of OH radicals; so a higher
energy of sonication is lost in the dispersion of these particles.
In the case of 0.1 g of nano-sized oxides from series II (dis-
aggregated particles), the sonication starts to form cavitation
bubbles and then implosion takes place to form OH radicals,
and the reaction immediately occurs without any delay.
3.2.3.3. Efﬁcient surface area of the catalyst. As heterogeneous
catalysis is a surface phenomenon, it is well documented that
the overall kinetics of the oxidation process is highly depen-
dent on the surface area that participates in the reaction [41].
It has been reported [42] that only active sites of the catalyst
surface area are available for the reaction. However, it is quite
difﬁcult to estimate the amount of active sites that is present in
the catalytic system, due to the catalyst deactivation processes
which lead to low catalytic efﬁciency. When ultrasound irradi-
ation is applied, the signiﬁcant variation in the surface area
occurs with the possible increase in the number of active
‘‘clean’’ sites and consequently, the increase in the reaction
rates may be observed.
The morphology of the iron surface with/without sonica-
tion is analyzed via scanning electron microscope (SEM). It
could be seen that the sonicated samples are visibly cleaned
due to the continuous ultrasonic cleaning. In addition, the pit-
ting on the surface caused by shock waves produced upon
implosion is apparent [43].
4. Conclusions
(1) Oxides of Fe, Cu, Ni, and Co prepared in the nano-size
range without CTAB result in aggregated particles.
(2) Addition of CTAB to the preparation recipe results in
nano-sized particles lacking the aggregation drawback
recorded in the absence of CTAB.
(3) Heterogeneous Fenton degradation at pH 7 aided by
sonication is successful in the presence of nano-sized
metal oxides like Fe2O3, CuO, NiO, and Co3O4 in
degrading 10 ppm NB within a time 630 min.
(4) The order of efﬁciency of the tested oxides is
Fe2O3 > CuO>NiO > Co3O4.
(5) Sonication plays the role of dispersing the aggregating
particles of used oxides.
(6) The present oxides increase the chance of OH formation
at their surfaces which increase the rate of NB
degradation.(7) The usage of oxides which are initially disaggregated
improves the efﬁciency of the process via decreasing
the needed weight of the used oxide.
(8) The efﬁciency of NB degradation obtained on using
0.1 g of oxide, prepared in the presence of CTAB is
the same as that obtained on using 1.0 g of oxide, pre-
pared without CTAB.
(9) Using oxides prepared in micellar solution can upgrade
the economic aspect of the process of NB degradation
via AOP using sonication + H2O2 combination.
(10) The process of sonication + H2O2 + oxide combina-
tion in NB degradation shows failure at pH > 7.
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